Articles
ffects of environmental contaminants can be studied at various levels of organization, including biochemical and cell levels, the level of individual organisms, and the population and community level. It is assumed that effects at the molecular and cellular levels precede detectable effects at the individual organism level, which precede effects at the population and community level. Biochemical and cellular effects can therefore be used as early warning signals, or "biomarkers," of exposure or response to toxic chemicals. In most cases, however, little is known about links from the cellular or biochemical level to the organism level or links from the organism level to the population and community level.
Much of the research on toxicology of metals has been done at the biochemical and cell levels and at the individual organism level. We have considerable knowledge about how metals are taken up into organisms, distributed among tissues, and bound to specific molecules. We have learned much about how they can affect biochemical pathways and enzyme functioning. For higher levels of organization, there are studies of alterations in physiology, reproduction, development, and behavior. Effects on ecological parameters such as population size and size structure have been noted, and effects on diversity and community structure ("ecotoxicology") have been frequently demonstrated.
However, the links from the lower to the higher levels of organization are seldom made, and different investigators tend to concentrate their work at particular levels of organization. Studies at the level of the individual organism are sometimes considered less cutting-edge than mechanistic studies at the biochemical level and less relevant than studies at the ecological level. Nevertheless, one cannot establish the connections between the subtle biochemical changes within an organism and the ecological changes unless studies at the level of the individual are included. Studies at the molecular level provide no insight into consequences for higher levels of organization, and studies of populations and communities do not shed any light on how the effects are caused. An integrated approach to ecotoxicology, looking at how different levels of biological organization relate to one another (Newman and Jagoe 1996) , will enable us to better understand both the mechanisms causing the responses of the individual organisms and their ecological consequences.
Behavior is one kind of response at the level of the individual organism that has clear links to the biochemical level (e.g., neurotoxic effects) and clear connections to effects on the population and community level. For example, normal reproductive behavior is essential for maintenance of a population's size and age structure. Other behaviors, such as effective prey capture and predator avoidance, are essential for individual growth and survival, and thus necessary for maintenance of a population's size and its size structure or age structure (that is, the relative proportions of the population that are in particular age or size categories). Reduced feeding, a common response to contaminants, can lead to reduced energy intake, which can be worked into energy budget models to predict consequences at the population level (Maltby 1999) .
In this article, we initially review studies on the effects of contaminants on fish behavior; the mechanisms underlying behavioral toxicology, such as altered neurotransmitters or hormonal changes; and the ecological effects of altered predation. Then, in the second half of the article, we review our own work on mummichogs, Fundulus heteroclitus, in a contaminated environment as a case study, which links behavioral modifications (prey capture) with altered neurotransmitters and hormones and with probable ecological consequences. Atchison et al. (1987) reviewed many articles dealing with contaminant effects on fish behavior, including locomotion, attraction and avoidance, swimming performance, respiratory behavior, learning, social interactions, reproductive behavior, feeding, and predator avoidance. They emphasized that behavioral toxicology studies should have ecological relevance and that investigators should try to have field validations of observations made in the laboratory.
Effects of contaminants on fish behavior
Prey capture and predator avoidance are behaviors that are clearly ecologically relevant, because they can be related directly to growth and survival. Impaired feeding behavior of fish in laboratory experiments has been reported in response to exposure to sublethal concentrations of various contaminants (Little et al. 1990 , Morgan and Kiceniuk 1990 , Scherer et al. 1997 ) and may be related to impaired growth and population declines. Little et al. (1990) reported that reduced feeding behavior, which can retard growth and decrease survival, can be separated into a number of different processes, such as motivation, orientation to prey, strikes, and miscues. Contaminants may impair feeding behavior by affecting the motivation to feed or by reducing search effectiveness or the ability to capture prey. Little et al. (1990) found that the frequency of strikes was less sensitive to certain toxicants than the actual prey capture, indicating that coordination was impaired more than motivation. In contrast, Brown et al. (1987) found that fish treated with pentachlorophenol (PCP) made fewer strikes, revealing a decreased motivation to feed. These differences may reflect differential mechanisms of neurotoxicity of particular toxicants. Prey handling time can also be increased by toxicant exposure and contribute to reduced feeding rates (Sandheinrich and Atchison 1989) .
Vulnerability of prey to predation is another sensitive parameter of response to toxicants that has major ecological implications. Laboratory studies have demonstrated impaired predator avoidance by organisms exposed to various contaminants (Kraus and Kraus 1986, Kruzynski et al. 1994 ).
Toxicants can affect swimming performance and compromise the ability to escape from predators. Activity patterns can influence predation: Hyperactive prey tend to be more conspicuous and therefore may be more vulnerable to predation. Fuiman and Magurran (1994) emphasized the distinction between predator avoidance-behaviors that reduce the likelihood of a predator's attack (e.g., reduced conspicuousness)-as contrasted with predator evasion, or behaviors that reduce capture success after an attack has begun. Prey can be more susceptible to predation as a result of failure to detect predators, poor fast-start performance, reduced stamina, inability to school effectively, and increased conspicuousness (Mesa et al. 1994) . Impaired predator avoidance by contaminated prey also has major implications for the transfer of contaminants through the food web.
By altering feeding and predator avoidance behaviors, pollutants can produce changes in predator-prey interactions, which can result in population changes of the predator species, the prey species, or both.
Mechanisms underlying behavioral toxicology: Neurotransmitters and hormones
Altered behavior may be a result of toxicant damage to the nervous system. At the morphological level, toxicants may damage nerve cell bodies, axons, and myelin sheaths. At the biochemical level, they can alter the synthesis and release of neurotransmitters, which may be associated with behavioral changes. In fish, serotonin, dopamine, acetylcholine, and GABA are involved in locomotion, aggression, schooling, and feeding behavior (Smith 1984 ). Exposure to mercury was shown to decrease the levels of serotonin (5-hydroxytryptamine, or 5-HT), which was associated with progressive loss of motor control in striped mullet (Mugil cephalus) (Thomas et al. 1981) . Tsai and colleagues (1995) likewise found that mercury reduced serotonin levels in the brains of tilapia (Oreochromis mossambicus), and they suggested that mercury might inhibit the normal development of the hypothalamic serotonergic system. Catfish (Clarias batrachus) exposed to lead showed elevated brain 5-HT and decreased GABA (Katti and Sathyanesan 1986) . Exposure to lead caused increased serotonin and an increase in feeding time and miscues in fathead minnows (Pimephales promelas) (Weber et al. 1991) .
Organic chemicals as well as metals can affect neurotransmitters and behavior. In goldfish (Carassius auratus), DDT exposure, which increased spontaneous activity and interfered with schooling behavior (Weis and Weis 1974) , elevated brain 5-HT and decreased dopamine levels; parathion, in contrast, depressed brain 5-HT (McDonald 1979) . Polychlorinated biphenyls (PCBs) altered brain levels of dopamine and norepinephrine and affected locomotor activity in the killifish, Fundulus grandis (Fingerman and Russell 1980) . Block and Nilsson (1990) found altered catecholamine levels in rainbow trout (Oncorhynchus mykiss) exposed to carbamate pesticides. Effects of contaminants on neurotransmitters are clearly very variable and do not have a clear pattern or consistency among species. Furthermore, the direction of changes (increase or decrease) in levels of neurotransmitters is also variable (Zhou et al. 1999a ).
There has been considerable attention devoted to the issue of endocrine disruption in recent years. The endocrine system appears to be particularly sensitive to very low concentrations of certain substances, which may alter hormone function by binding to receptors in the cell, altering hormone synthesis, or influencing other mechanisms. Most of the attention in the field has focused on the area of reproductive hormones and their receptors, but there is also evidence that contaminants can alter the structure and function of the thyroid gland and hormones, which can have major impacts on behavior. Chemicals can interfere with the thyroid in various ways, including altering hormone synthesis, binding to receptor sites, altering thyroid hormone metabolizing enzymes such as deiodinases, and by altering transport of thyroid hormones in the blood plasma. Altered thyroid hormone levels in fish have been found after exposure to various contaminants in the laboratory (Bleau et al. 1996) and in the field (Hontela et al. 1995) . Teleost fish have individual thyroid follicles scattered throughout the branchial region, rather than a cohesive gland, as in mammals. When stimulated by TSH, follicle epithelial cells increase in height and follicles undergo increases in vascularity, budding, and irregularity in outline. Fish from the Great Lakes have been found to have abnormally enlarged thyroid follicles, or goiter, which was not associated with iodine deficiency (Leatherland 1994) , but the causative agents have not been identified. Such an appearance is associated with stimulation of the thyroid gland by TSH from the pituitary gland, which causes synthesis and secretion of thyroxine, or T4. Tri-iodothyronine, or T3, which is probably the active form of the hormone in fish, is not a significant secreted form but is produced by the deiodination of T4 by enzymes in peripheral tissues (Eales and Brown 1993) .
Thyroid hormones are essential for normal brain development, and altered thyroid hormones can alter neurobehavioral development and levels of serotonergic neurotransmitters in mammals. Altered thyroid function, therefore, can influence behavior and has been shown to affect spontaneous activity and feeding in fish (Castonguay and Cyr 1998) . In fish, such influences could include the relationship of hypothyroidism to general sluggishness and thus to reduced spontaneous activity and predatory activity; conversely, hyperthyroidism, with its concomitant hyperactivity, could enhance vulnerability to predation by making an animal more conspicuous.
Ecological effects of altered predation
By altering prey capture and predator avoidance behaviors, pollutants can cause changes in predator-prey interactions, which in turn may result in population changes of the predator, the prey, or both. Pollutants can interact with predator-prey relationships and thus affect community structure. The ecological outcome depends on the relative effects on the specific predator vs. the specific prey organism. Predator-prey interactions are important in structuring communities and can therefore function as important links between toxicant-induced effects on individuals and effects at higher levels of organization. Altered predation rates and patterns can lead to population changes (e.g., reduced growth, survival, and reproduction) in the predator species. Altered predator-prey interactions can change the prey population as well (Jones et al. 1991) , provided that it is not equally affected in its predator avoidance behavior. Because different species are likely to have different susceptibilities, balances can be altered differently, depending on whether it is the predator or the prey organism which is more susceptible to the particular contaminants present at a given site.
Predation plays a role in structuring aquatic communities and may affect the size structure of prey populations (Sih et al. 1985) . It may also affect the size distribution of prey populations by constraining their foraging behavior. Actively foraging prey are at greater risk of predation than individuals hiding in refuges or using antipredator behavior. Thus, prey face a trade-off between active foraging to achieve rapid growth, which can reduce their vulnerability, and increased predation risk (Godin 1986 ). In a recent study of mummichog habitat use, Halpin (2000) found that when a predation refuge was available, fish used that habitat even if growth rates in that habitat were low. Predators may concentrate vulnerable size classes of prey into a common protective habitat, which may intensify competition at these stages of life history (Mittelbach and Chesson 1987) .
The relative size of predator and prey can affect the outcome of individual encounters, and can alter the size structure of the prey population. The presence of a predator altered the size distribution of prey species in outdoor tanks (Wright et al. 1993) .
Predators preferentially select prey of certain size classes. They may be gape-limited and unable to consume larger individuals, but they may also not select the very smallest. Spot (Leiostomus xanthurus) subjected to flounder predation had a decrease primarily in the intermediate length classes, relative to other size classes; the larger fish were relatively invulnerable to flounder predation. The mean length of the killifishes Fundulus and Cyprinodon was negatively correlated with increasing flounder density. Although larger fish were not invulnerable, the killifish could reproduce in the outdoor tanks (Wright et al. 1993) , and the flounder may have fed selectively on the larger killifish. When a predator feeds selectively on certain size classes, more resources are left for the other size classes, which can thus benefit from the presence of the predator (Vanni 1987) .
The mummichog in contaminated environments: A case study
For many years, we have been studying the mummichog, Fundulus heteroclitus, a very abundant fish that plays an important role in East Coast tidal marshes. Adults, which consume primarily crustaceans and annelids, feed on the marsh surface at high tide. They are important predators of grass shrimp, Palaemonetes pugio (Kneib 1986 ), another abundant species in these salt marsh ecosystems. Mummichogs also consume detritus, which is of little nutritional value to them (Prinslow et al. 1974 ). Intake of detritus may be incidental while foraging for live food. Fundulus is in turn consumed by migratory fishes, such as white perch (Morone americana) and striped bass (M. saxatilis), and by the blue crab, Callinectes sapidus, which may be its most important predator in tidal creeks and marshes (Kneib 1987) .
Previous studies (reviewed in Weis and Weis 1989) reported differences between mummichog populations from clean reference areas and from Piles Creek (PC), a polluted tributary of the Arthur Kill in Linden, New Jersey. PC is surrounded by industrial sites, a sewage treatment plant, a power plant, and a major highway, and has elevated levels of many organic contaminants and metals, including mercury, in sediments and biota (Khan and Weis 1987) . Gametes and embryos of PC mummichogs exhibit tolerance to methylmercury and, as a result, are relatively unaffected by concentrations that have severe effects on gametes and embryos from reference populations. However, this tolerance is stage specific, and larvae, juveniles, and adult mummichogs from PC do not demonstrate it. In fact, adults demonstrate reduced growth and condition as well as a shorter life span compared with mummichogs from cleaner sites in eastern Long Island (LI), New York, and Tuckerton (TK), New Jersey (Toppin et al. 1987) . The PC population persists because of increased reproductive effort (Toppin et al. 1987 ). However, the population at PC, in addition to having a reduced size and age structure, is also considerably less dense than that at TK (Santiago 1997 ).
Behavioral differences in mummichog populations
The reduced condition, life span, and growth in PC fish appears to be related to a lower level of spontaneous activity and a reduced rate of prey capture. Laboratory studies comparing the rate at which PC and LI adults captured baby guppies (Poecilia reticulata) demonstrated that PC fish were slower to capture their prey (Weis and Khan 1991) . Guppies are not normal prey for mummichogs and they are relatively easy to capture. When a more appropriate prey species, the grass shrimp, was used in subsequent experiments, PC fish continued to be poor predators compared with fish from TK (Smith et al. 1995) . Grass shrimp have very effective antipredator behaviors and present quite a challenge to a predator. They can escape with a tail-flip, hide quickly in rock refuges, or face down the predator by presenting it with a sharp-pointed rostrum. The fish were most effective when they hunted in groups, all concentrating on the same shrimp. Analysis of videotapes showed that the poor rate of prey capture of the PC fish was attributable primarily to fewer attempts to capture prey, rather than to poor coordination (Smith and Weis 1997) . The PC fish generally did not persist and frequently gave up after chasing a shrimp for a brief period. The TK fish made more attempts and ultimately had more captures. The poor predatory ability and low activity level of PC fish was correlated with elevated brain mercury.
TK fish were maintained in an aquarium with PC sediments and water and fed PC grass shrimp for a month. After this time, their prey capture ability declined to that of PC fish (Figure 1) and their level of brain mercury increased to that of the PC fish. When PC fish were maintained in the laboratory in clean water for two months, there was only a slight improvement in their prey capture ability, and their brain mercury levels did not decrease (Smith and Weis 1997) .
The correlation of behavior with brain mercury concentration does not necessarily mean that mercury is responsible for the altered behavior. Other contaminants that we did not measure may contribute to the poor performance as well. Recent studies on a large number of populations of mummichogs collected from a variety of clean (reference) and differentially polluted sites reveal that prey capture rates are quite variable, both within and between populations. These multiple comparisons among a dozen populations indicated that impaired prey capture seems to reflect a response to overall contaminant loading rather than to any single chemical. The levels of contaminants at a site were highly correlated with each other, so that the impact of individual contaminants was confounded. In aquatic systems, it is difficult to establish causal relationships between particular contaminants and effects, because of the multitude of interacting environmental factors. The lowest capture rates were seen in mummichog populations from some of the most highly polluted habitats, whereas the highest prey capture rates were seen in populations from the reference sites. There were, however, some populations from contaminated sites that had higher capture rates than would be predicted, possibly because of evolved tolerance to the contaminated environment. Analysis of the gut contents of adults from all of these populations showed that grass shrimp made up the largest proportion of the diet of fish from three of the cleanest sites, the fish that had the highest capture rates in the laboratory. Gut contents of fish from more contaminated sites had a greater proportion of detritus and less mobile prey (e.g., worms).
PC fish had lower spontaneous activity and were also more vulnerable to predation by blue crabs than were TK fish (Smith and Weis 1997) . Increased vulnerability to predation can account in part for the previously noted observation that PC fish do not live as long as fish from the reference sites. Furthermore, elevated rates of predation on contaminated prey can facilitate the transfer of contaminants through the food web.
By combining studies at the individual, biochemical and cellular, and population levels, we believe we have been able to demonstrate the linkages of this altered behavior not only up to the population and community level but also down to the biochemical level (neurotransmitters and hormones).
Neurotransmitters in Fundulus heteroclitus
The poor prey capture ability and reduced general activity level of PC fish were correlated with lowered brain levels of the neurotransmitter serotonin (Figure 2 ; Smith et al. 1995) . Further work involving experimental manipulation of serotonin levels indicated that the levels of brain serotonin were indeed directly related to the activity level of the fish. Baseline activity levels of PC and TK fish were measured, then fish from each population were injected with the serotonin synthesis inhibitor p-CPA (para-chlorophenylalanine), which interferes with the synthesis of serotonin by competing with its precursor, the amino acid tryptophan, and by binding to the enzyme tryptophan hydroxylase. Baseline activity levels were measured at various intervals after the injection. Significantly lower spontaneous activity was generally seen in the experimental fish relative to controls for several days after injection, supporting the direct association of serotonin level with spontaneous activity . Recently hatched larval mummichogs from PC, which were not behaviorally impaired, had levels of serotonin that were comparable to those of TK larvae, although they did have higher levels of dopamine and its metabolites (Zhou et al. 1999a) . Despite the elevated body burden of mercury in PC adults, relatively little is transferred to the eggs (Toppin et al. 1987) , and newly hatched larvae do not have elevated levels of mercury compared with larvae from reference sites (Zhou et al. 1998 ).
Thyroid status in Fundulus heteroclitus
The sluggish behavior in the PC fish prompted an investigation of the thyroid, an endocrine gland that is often associated with general activity levels in vertebrates. Altered thyroid status could reflect endocrine disruption due to contaminants. Examining histological sections, we found irregularly shaped and greatly expanded thyroid follicle size in PC fish compared to TK fish (Zhou et al. 1999b ), a condition that can be interpreted as a type of goiter (Figure 3) . In addition to abnormal thyroid histology, PC fish had significantly elevated T4 levels and a trend of reduced levels of T3, which did not reach statistical significance. These findings were surprising, because they are not what would be expected in a goitrous animal; one would expect reduced rather than elevated levels of T4, which is the form of the hormone that is secreted. T3 is produced when deiodinase enzymes remove one iodine from T4, and is the biologically active form in fish. This suggests that the pollutants in PC may affect the 5′-monodeiodinase enzyme that converts T4 to T3 in peripheral tissues. Maintenance of PC fish in clean water, and maintenance of TK fish with PC water, sediments, and food, resulted in alterations of the thyroid hormone levels in both populations. Exposure of PC fish to clean water resulted in reduced plasma T4, and exposure of TK fish to the PC environment resulted in increased T4, which supports the hypothesis that the environment is responsible for the abnormal thyroid in PC fish. Recent work with young individuals indicates that the thyroid abnormality in PC fish develops when they are larvae about 15 mm long. Altering the thyroid hormone levels experimentally by dosing the water with T3 or phenylthiourea (PTU, a thyroid hormone antagonist) altered both spontaneous activity and prey capture rates in juvenile fish from both populations (Carletta et al. 2000) . We do not yet know the relationship between the altered thyroid status and the altered neurotransmitters-that is, whether one causes the other or whether these responses are independent of each other. However, studies in mammals indicate a close association between altered thyroid and altered neurotransmitters. Both conditions seem to be related to the behavioral changes, however.
Ecological studies with Fundulus heteroclitus and Palaemonetes pugio
While the predatory ability of Fundulus at PC was reduced, the predator-avoidance ability of the PC grass shrimp was unimpaired. TK fish were able to capture PC or TK shrimp at the same rate. Analysis of field-collected mummichogs' gut contents indicated that PC fish were eating primarily detritus and much less live food, including less Palaemonetes, than TK fish (Smith and Weis 1997) . This can be considered a field validation of the prey capture experiments performed in the laboratory. However, reduced live food in the diet of PC fish might reflect reduced availability of live food, including shrimp, at PC. We will discuss that issue below, and show that shrimp are indeed abundant at PC. Because detritus does not provide good nutrition for mummichogs (Prinslow et al. 1974) , poor diet can account in part for the reduced growth and condition observed in the PC fish. The poor diet, which is deficient in protein, might provide less tryptophan, the 5-HT precursor. It is also possible that poor diet could provide less tyrosine, the precursor of thyroxine. If this is the case, poor diet could cause further alterations in the chemicals involved in the abnormal behavior that results in the poor diet. This would be an example of a positive feedback loop system that would continue to produce deleterious effects-the toxicants cause poor feeding behavior and the resulting poor diet affects the thyroid, which causes greater impairment of feeding behavior.
For population studies, samples of grass shrimp were collected each month from the spring through the fall from both sites and counted and measured. The grass shrimp at PC tended to be significantly larger than those at TK (Figure 4 ) (except for months when new recruits were entering the population, obscuring the data) (Santiago 1997 . That shrimp at PC were larger than at TK could be the result of a number of factors. It is well known that predation can exert top-down effects on populations of prey species (Sih et al. 1985) and that Fundulus predation can affect P. pugio populations (Posey and Hines 1991) . Therefore, reduced mummichog predation seemed to be a likely cause for the altered size-frequency distribution. However, alternative explanations need to be evaluated before concluding that release from top-down control is the major cause of the altered size structure of the grass shrimp population. The environment of PC might stimulate growth (perhaps by organic enrichment or hormesis due to contaminants), or there may be inherent differences in growth rates between the two populations of grass shrimp. Another possibility is that the reduced growth of TK shrimp is attributable to increased competition caused by higher population density.
To investigate the possibilities that the PC environment stimulates growth, or that PC shrimp have an inherently faster growth rate than TK shrimp, microcosms were set up to monitor the growth of shrimp. Shrimp from each of the two populations were placed in aquaria in which they were exposed to sediments and water collected from each site. We found that PC conditions did not promote increased growth of shrimp from either population and that PC shrimp did not have an inherently greater growth rate than TK shrimp (Bhan 1997). TK shrimp in the TK environment grew as well or better than any other group. Furthermore, TK juveniles in PC conditions grew the least, suggesting that PC conditions have negative effects on shrimp not acclimated to this contaminated environment.
To evaluate the possible role of density-dependent factors (competition) in determining shrimp size at the two sites, field collections were made to assess the relative population densities of shrimp at PC and TK. We also made collections of mummichogs to assess their relative population density at the two sites. Catch-per-unit-effort data revealed that, contrary to the hypothesis of increased density-dependent competition at TK, shrimp were three times denser at PC than at TK. Thus, the smaller shrimp size at TK cannot be caused by increased competition. There were also approximately three times as many mummichogs at TK than at PC (Santiago 1997) . Density dependence thus does not appear to play a role in the reduced growth of PC mummichogs either. Grass shrimp reproduction (time of appearance of ovigerous females and percentage of ovigerous females) appeared to be equivalent at both sites.
Decreased predation pressure on P. pugio at PC (because there were fewer Fundulus, which were also poor predators) appears to be the factor mainly responsible for the increased population density and a larger size-frequency distribution of grass shrimp at PC (Santiago 1997) . The reduced density of the mummichog population at PC appears to be a result of their reduced growth and longevity and greater vulnerability to predation. Our observations support the results of Kneib (1986) , that densities of grass shrimp are controlled by large mummichogs. The earlier observation that the PC mummichogs are small compared to those from LI or TK also supports the conclusion that mummichog predation on grass shrimp at PC is low and that reduced predation is important in affecting both the size frequency and the population density of the shrimp.
Conclusions
These studies demonstrate links between the different levels of biological organization as they are affected by contaminants in Piles Creek. At the biochemical level there are neurotransmitter and thyroid hormone alterations seen in mummichogs, which can lead to effects at the organismal level-namely, behavioral changes, specifically reduced general activity, and impaired predator-prey behavior. This impaired predator-prey behavior, in turn, causes the fish to have a poor diet consisting largely of detritus, which can lead to the population-level effects of reduced growth and reduced condition. The poor nutrition and impaired predator avoidance ability of the Fundulus population at PC can also lead to their reduced longevity.
The reduced size structure, shorter life span, reduced numbers, and poor predatory ability of the mummichogs at PC is associated with the increased population density and larger size frequency of their prey, grass shrimp. Paradoxically, grass shrimp appear to gain indirect benefits from the contamination because their predator is impaired, allowing more of them to live longer and grow to their maximum size. The contamination probably has some negative consequences for the shrimp. Since these possible negative consequences do not include impaired predator avoidance, they are outweighed by the more severe effects on prey capture by their mummichog predators, generally resulting in a "long happy life" for the shrimp.
Behavioral studies that incorporate biochemistry and ecology can demonstrate linkages of effects at many levels of biological organization. The examination of those effects shows how indirect effects arising from interspecific interactions can complicate our ability to predict effects of toxicants in natural ecosystems.
